Summary Spring-flushing, over-wintered buds of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) produce new buds that may follow various developmental pathways. These include second flushing in early summer or dormancy before flushing during the following spring. Second flushing usually entails ' a n initial release of apical dominance as some of the current-season upper lateral buds grow out. Four hypotheses concerning control of current bud outgrowth in spring-flushing shoots were tested: (1) apically derived auxin in the terminal spring-flushing shoot suppresses lateral bud outgrowth (second flushing): (2) cytokinin (0.5 mM benzyladenine) spray treatments given midway through the spring flush period induce bud formation: (3) similar cytokinin spray treatments induce the outgrowth of existing current lateral buds; and (4) defoliation of the terminal spring-flushing shoot promotes second flushing. Hypothesis 1 was supported by data demonstrating that decapitation-released apical dominance was completely restored by treatment with exogenous auxin (22.5 or 45 nlM naphthalene acetic acid) (Thimann-Skoog test). Hypothesis 2 was marginally supported by a small, but significant increase in bud number; and Hypothesis 3 was strongly supported by a large increase in the number of outgrowing buds following cytokinin applications. Defoliation produced similar results to cytokinin application. We conclude that auxin and cytokinin play important repressive and promotive roles, respectively. in the control of second flushing in the terminal spring-flushing Douglas-fir shoot,
Introduction
The control of current bud growth in spring-flushing shoots of temperate woody species is critical in the determination of the subsequent developmental pathway, whether it be continuous free growth, second flushing in early summer or dormancy before flushing during the following spring. Second flushing usually entails an initial release of apical dominance because some of the current-season upper lateral buds grow out. Although hormones are known to play dynamic roles in the control of branching in herbaceous species, there have been few hormonal studies on bud development and apical dominance in conifers. .
Auxin and cytokinin are known to prevent and to promote bud outgrowth, respectively (Skoog and Miller 1957 , Tamas 1995 , Coenen and Lomax 1997 . The role of auxin in bud growth is thought to involve apical dominance wherein auxin produced in an actively growing shoot apex moves basipetally down the stem and inhibits the outgrowth of the lower lateral buds (Tarnas 1995) . When this model of bud growth in herbaceous plants is extrapolated to mature trees, however, it is necessary to restrict the concept of auxin operating in apical dominance to current growth of single elongating branches rather than collectively to all perennial branches of a tree (Brown et al. 1967 , Wareing 1970 , Cline 2000 .
The presence of eildogenous auxin in conifer tissue including Douglas-fir (P,seudotsuga menziesii (Mirb.) Franco) has been established (DeYoe and Zaerr 1976, Chiwocha and von Aderkas 2002) , and its basipetal transport down the shoot has been documented in Scots pine (Pinus sylvestris L.) (Sundberg and Uggla 1998) . However; evidence for the role of auxin in apical dominance in conifers is largely indirect (Ross et al. 1983, Little and Pharis 1995) . There have been only a few studies in which the classical, Thimann-Skoog, auxin-replacement apical dominance experiment (described in the Materials and methods section) has been directly replicated in woody species (House et al. 1998 , Cline 2000 . The presence of cytokinins in buds has been documented in various conifers (Morris et al. 1990 in Douglas-fir, Qarnaruddin et a]. 1990 in Scots pine, Bollmark et al. 1995 in Norway spruce (Picea abies (L.) Karst). Zhang et al. 2003 in Monterey pine (Pinus radiatu D. Don)). Cytokinins have been found to promote bud formation in Scots pine (Kossuth 1978) and in blue spruce (Mulgrew and Williams 1985) , and bud outgrowth in longleaf pine (Pinus palustris Mill.) (Hare 1984) , balsam fir (Abies balsamea (L.) Mill.) (Little 1985) . Scots pine (Whitehill and Schwabe 1975) , blue spruce (Picea pungens Engelm.) (Mazzola and Costante 1987) Goldfarb et al. (1991) found that a liquid irradiance fell below 600 pmo1 m-' s-'. The photoperiod was cytokinin pulse induced adventitious shoot formation from 16 h. Douglas-fir cotyledons. Pilate et al. (1989) observed changes in cytokinin concentration in Douglas-fir buds during bud quiescence releasc. Lavender and Zaerr (1967) mentioned that treatment of 2-month-old Douglas-fir seedlings with a cytokinin foliar spray resulted in a "proliferation of lateral buds near apices." Mazzola and Costante (1987) found that wholetree (but not terminal leader) foliar benzyladenine (BA) applications promoted both bud formation and second flushing in 6-year-old Douglas-fir seedlings.
Although there is general evidence that pest defoliation of woody species reduces shoot growth (Kranler and Kozlowski 1979), axillary and young terminal buds usually grow out following defoliation in early summer (Romberger 1963) . Spruce budworm defoliation has been reported to induce epicormic branch production in Douglas-fir (Johnson and Denton 1975) . Because of possible interactions between hormonal-and defoliation-induced mechanisms of bud growth promotion. we included a defoliation treatment in our study of second flushing shoots.
The primary focus of our study was to analyze the effects of auxin and cytokinin on the outgrowth of the newly formed buds that develop during second flushing of Douglas-fir shoots. Specifically, we proposed and tested four hypotheses.
(1) Apically derived auxin in terminal spring flushing shoots suppresses lateral bud outgrowth. This was tested by exogenous auxin treatments to decapitated terminal shoot apices lo determine if apical dominance could be restored. (2) Cytokinin promotes new current bud formation in the terminal spring flushing shoot. This was tested by determining whether cytokinin spray treatments caused an increase in the number of current lateral buds in the terminal spring flushing shoot. (3) Cytokinin promotes the outgrowth of current buds in the terminal spring flushing shoot. This was tested by determining whether cytokinin spray treatments to the leader shoot caused an increase in the number of outgrowing current buds (second flushing). (4) Defoliation of needles on the terminal spring flushing shoot promotes current lateral bud outgrowth. This was tested by complete needle renloval to determine if the current lateral buds could be induced to grow out.
Materials and methods
Two-year-old, bare-root seedlings of Douglas-fir, were lifted After the seedlings had been in the greenhouse for several weeks, the over-wintered buds began to swell and begin flushing. Some of the lateral buds were pruned to balance crown shape and to reduce competition with the elongating terminal bud. Hormone treatments were started midway during spring flushing. Separate sets of piants with their controls were used for each experiment and hormone treatment.
The classical Thimann and Skoog (1933) apical dominance test was implemented by applying 0.5% (22.5 mM) or 1% (45 nA4) a-naphthaleneacetic acid (NAA, potassium salt; Sigma, St. Louis, NO) in lanolin (anhydrous, lab grade; Carolina Supply Co., Burlington, NC) to the cut stem surfacc immediately following shoot decapitation, about 1 cm below the apex of the flushing leader shoot when it was 5-10 cm in length. In Experiment 5, the usual pre-experiment pruning of some of the sub-terminal lateral buds of the first flush was omitted. This appeared to have had little or no effect on the final results measured on Day 56 of treatment. The total number of seedlings in Experiments 2-5 were 24 (4 intact, 10 decapitated, and 10 decapitated and NAA-treated), 25 (6 intact, 9 decapitated, and 10 decapitated and NAA-treated), 23 (5 intact, 9 decapitated, and 9 dccapitated and NAA-treated) and 18 (4 intact, 7 decapitated, and 7 decapitated and NAA-treated). For analysis, data from all five expeiiments were combined (see Table 1 ). At the time of experimentation, it was deemed important to have a largcr number of seedlings in the decapitated, and decapitated and NAA-treated groups than in the control group; however, in retrospect, the use of cqual numbers of intact seedlings would have been preferable. The results. nonetheless, were definitive. Although the treatment time in the first experiment (38 days) was substantially shorter than in the remaining four experiments. the difference had little or no effect on the final response. In general. outgrowth of buds in refrom the Mima Weyerhaeuser nursery near Olympia, Washsponse to decapitation of Douglas-fir shoots occurs slowly. ington and shipped to Columbus, Ohio, by overnight courier.
For the cytokinin treatments, 0.5 mM benzyladenine (BA, They were potted in a general purpose peat and vermiculite 6-benzylamino purine; Sigma, St. Louis, MO) foliar spray in growing medium, in 4-liter Deepots. The potted seedlings 0.1 % Aromax (C/12, AKZO; Nobel, McCook, I t ) was applied were maintained in a grecnhouse with weekly N,P,K fertilizadaily for 1-2 weeks to the entire flushing shoot beginning tion (20,10,20; 180 mg I-') and watered every two or three about midway through the flushing period when the leader days as needed. The temperature-controlled greenhouse was shoot was 5-10 cm in length. Six replicate experiments, each set for 20-25 "C; however, extreme outdoor temperatures with equal numbers of control and BA-treated seedlings, were carried out in the same greenhouse. In Experiment 1, in May-July 2004, there was a total of 29 seedlings (15 water controls and 14 BA-treated plants). The BA spray treatment was given for 2 weeks and measurements were made 5 weeks later. In the remaining five experiments carried out at different times (March through June 2005), there was a total of 22, 15, 38,28 and 34 seedlings (including water controls) receiving a 2-week BA spray treatment except for the last experiment in which seedlings received a l-week treatment. For analysis, data were combined for all the 2-week spray experiments'(see Table 2 ). Lateral buds were counted as growing out if the bud had clearly opened up (visibly exhibiting green pigment) or had started flushing. Length and fresh mass of the first flushing terminal shoot as well as number and fresh mass of second flushing terminal and lateral buds were measured 5-6 weeks following treatment.
Six defoliation experiments (without hormone treatments) of terminal shoots were carried out midway during the flushing period. Each experiment consisted of nine seedlings per treatment: control (intact flushing terminal shoots) and defoliated (terminal shoot defoliated by plucking all needles). In two of the experiments. we covered the terminal shoot in the control and defoliation treatments with plastic bags to prevent desiccation and die-back of the defoliated shoots. The data in Table 3 represent the combined data of these two experiments. The bagging procedure caused no deleterious side effects. Because of desiccation and die-back, only one of the other four defoliation experiments without bagging or with only partial bagging yielded sufficient valid data for analysis.
Statistical analyses
The effects of treatments on the dependent variable (e.g., number of plants breaking bud, length of shoot, number of buds that grew out) were tested by analyses of variance (ANOVAs) for unbalance design with individual experiments in each set of trials as blocks. Two proportion tests were used to determine significant differences in percentage analyses. (Thimann and Skoog 1933) were carried out on current buds of terminal spring-flushing shoots. Decapitation of the terminal bud followed by treatment of the cut stem surface with lanolin resulted in the outgrowth of several of the highest current lateral buds below the point of decapitation within a month (Figure 1 ; Table 1 ). Decapitation-induced lateral bud outgrowth (second flushing), or release of apical dominance, was detected (P = 0,001) despite the confounding effects of simultaneous natural second flushing. Second flushing was observed in 93% of the decapitated seedlings and only 35% of the intact seedlings.
Results

Thimann-Skoog apical dominance experiments
In all five trials, repression of lateral bud outgrowth by exogenous auxin (22.5 or 45 mM NAA) treatment to the decapitated shoots was absolute and complete ( Figure 1 ; Table I ). That is, outgrowth of all lateral buds due to natural second flushing and decapitation-induced release was prevented by the NAA treatment. Some swelling of the NAA-treated decapitated stumps was observed.
Cytokinins
At 5-6 weeks following 2 weeks of cytokinin (0.5 mM BA) foliar spray treatments of the terminal spring-flushing leader shoots, there was a small, but significant (P = 0.029) increase in the total number of lateral buds ( Table 2) and a large and significant (P < 0.001) increase in current bud outgrowth (Figure 2; Table 2 ). Furthermore, the stimulatory effect of BA on second flushing was more pronounced in the lateral buds than in the terminal buds. However, the finding that second terminal bud flushing occurred in only 28.4% of the control seedlings in the five experiments compared with 8 1.5% of the BA-treated seedlings indicates that BA substantially enhanced second flushing of the terminal buds. Although the BA treatment caused vigorous initial outgrowth of most of the terminal and lateral buds. these buds usually did not elongate beyond 1 cm ( Table 2) . Buds of the control leader shoots that grow out during natural second flushing elongated to a much greater extent than buds on the BA-treated shoots ( Figure 2C ; and cf. terminal bud lengths of' control second-flushing leader shoots with those of the BAtreated leader shoots in Table 2 ).
The inhibitory effect of BA on leader shoot elongation was especially apparent when the BA treatment was given before the initiation of flushing or early in the flushing period. The BA treatment applied at this time caused almost complete inhibition of stem elongation as well as a relatively persistent twisting pattern of the upper shoot needles in some of the seedlings (Figure 3) . The optimal time for initiation of the BA spray treatment was about midway during the flushing period when the length of the elongating shoot was between 5 and 10 cm. Even then, the BA treatment caused a 25% reduction in subsequent elongation of the flushing shoots (Table 2) , indicating that the retarding effect of BA on shoot elongation affected both the current terminal and lateral shoots. In another experiment where the BA treatment was applied for only 1 week, the results were similar as those obtained in the 2-week treatment (data not shown). Application of gibberellic acid (GA417) to buds and shoots under various conditions had little or no significant effect on bud growth (data not shown).
Defoliation
Complete defoliation of the Douglas-fir leader shoots midway through flushing, at about the same developmental stage at which the BA treatment was given, significantly (Y < 0.001) enhanced second flushing of lateral buds and to a lesser extent that of terminal buds (Figurc 4; Table 3 ). Defoliation had no effect on total bud number.
Discussion
We obtained evidence that auxin and cytokinin are involved in the control of current bud growth (second flushing) in the terminal spring-flushing shoot of the conifer Douglas-fir. Decapitation of the terminal spring-flushing shoot resulted in the outgrowth of some lower lateral buds, indicating the release of apical dominance. Immediate treatment of the stump of the decapitated shoot with auxin completely restored apical dominance (Thimann and Skoog 1933) . indicating a significant role for native auxin in the shoot apex in apical dominance. These data support Hypothesis 1 that endogenous auxin produced in the shoot apex moves down the shoot and inhibits the oulgrowth of the lower lateral buds.
Zimmerman and Brown (1 97 1 ) pointed out that ". . .lateral buds on the previous year's twig following a period of winter dormancy or rest are no longer under the auxin inhibition of the terminal bud; rather some of the uppermost lateral buds usually release synchronously with the terminal bud (during spring flushing). . ." Although it is not known how winter exposure and rest makes over-wintered lateral buds insensitive to apical dominance and auxin, we confirmed this phenomenon. Thus, applied auxin had little or no repressive effect on overwintered lateral bud outgrowth in decapitated Douglas-fir shoots (data not shown).
However, the newly formed current lateral buds located on the terminal spring-flushing shoots were sensitive to apical dominance and auxin, as demonstrated by our finding that when these flushing leader shoots were decapitated midway during the flushing period (between the lengths of 5 and 10 cm and well before attaining their mean final length of 17-18 cm), the highest lateral buds below the point of decapitation flushed. However, if auxin (NAA) was applied according to pletely repressed. Thus, when discussing the role of auxin in bud development, it is important to distinguish between the auxin-sensitive current lateral buds of the flushing shoots and the auxin-insensitive over-wintered lateral buds.
As noted by Allen and Owens (1972) , during early Douglas-fir bud development, removal of the terminal vegetative bud can cause latent axillary buds to grow out. It has also been demonstrated (Cline and Deppong 1999) that the probability that decapitation will release apical dominance in shoots of woody species is higher in seedlings than in mature trees. Furthermore, we found that 4-6 weeks was required for apical dominance release by decapitation in the conifer Douglas-fir compared with 1 week or less in Japanese morning glory (Ipomoea nil (L.) Roth.) (Cline 1996) .
Our finding that cytokinin treatment of flushing Douglas-fir shoots promoted terminal and lateral bud outgrowth (second flushing) corroborates previous observations. For example, Lavender and Zaerr (1967) reported a cytokinin-induced "proliferation of lateral buds near apices" of 2-month-old seedlings; however, proliferation is a vague term that could refer to formation and second flushing in &year-old Douglas-fir seed- TREE PHYSIOLOGY ONLINE at http:Nheronpublishing.com lings. They observed growth promotion only when the whole tree was sprayed once with 1000 ppm BA and not when the treatment was confined to the terminal leader (as in our study). The slight, but significant, increase in total bud count in response to the BA treatment could be a result of increased bud initiation or enlargement of latent buds. These marginal results contrast with the apparently strong promotive effects of BA on bud formation reported by Mazzola and Coiltante (1987) and with studies showing that cytokinins promote bud formation and the beginning of bud outgrowth in several plant systems (Grayburn et el. 1982 , Cline 1991 , Taiz and Zeiger 2002 . Although detection of very small buds is difficult, a possible explanation for the discrepancy is that the bulk of lateral bud formation observed in our study occurred before the BA spray treatment was applied.
To observe promotion of bud outgrowth by BA, we found that the timing of application of the 1-and 2-week cytokinin treatments to the flushing shoot was critical. Treatment could
